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Background: Type III polyketide synthases (PKSs) show diverse cyclization specificity.
Results: A single amino acid substitution in two Azotobacter type III PKSs reversed their cyclization specificity. Crystal struc-

tures were determined.

Conclusion: The volume of the active site cavity is a crucial determinant of the cyclization specificity.
Significance: An important insight into the cyclization specificity of type III PKSs was provided.

Type III polyketide synthases (PKSs) show diverse cyclization
specificity. We previously characterized two Azotobacter type
III PKSs (ArsB and ArsC) with different cyclization specificity.
ArsB and ArsC, which share a high sequence identity (71%),
produce alkylresorcinols and alkylpyrones through aldol con-
densation and lactonization of the same polyketomethylene
intermediate, respectively. Here we identified a key amino acid
residue for the cyclization specificity of each enzyme by site-
directed mutagenesis. Trp-281 of ArsB corresponded to Gly-
284 of ArsC in the amino acid sequence alignment. The ArsB
'W281G mutant synthesized alkylpyrone but not alkylresorcinol. In
contrast, the ArsC G284W mutant synthesized alkylresorcinol
with a small amount of alkylpyrone. These results indicate that this
amino acid residue (Trp-281 of ArsB or Gly-284 of ArsC) should
occupy a critical position for the cyclization specificity of each
enzyme. We then determined crystal structures of the wild-type
and G284W ArsC proteins at resolutions of 1.76 and 1.99 A,
respectively. Comparison of these two ArsC structures indicates
that the G284W substitution brings a steric wall to the active site
cavity, resulting in a significant reduction of the cavity volume. We
postulate that the polyketomethylene intermediate can be folded
to a suitable form for aldol condensation only in such a relatively
narrow cavity of ArsC G284W (and presumably ArsB). This is the
first report on the alteration of cyclization specificity from lacton-
ization to aldol condensation for a type III PKS. The ArsC G284W
structure is significant as it is the first reported structure of a micro-
bial resorcinol synthase.
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Type III polyketide synthases (PKSs)* are simple homodi-
meric ketosynthases that are involved in the biosynthesis of
various aromatic polyketides in both plants and microorgan-
isms (1-3). Type III PKSs typically catalyze condensation of a
starter acyl thioester with several acetate units derived from
malonyl-CoA. Three catalytic residues, called a Cys-His-Asn
catalytic triad, are responsible for this condensation. The
resulting linear polyketomethylene intermediate is subjected to
cyclization in the same active site cavity. Type III PKSs synthesize
awide variety of products because they differ in their preference of
starter substrate selection in the number of condensation steps
and in the mechanism of intramolecular cyclization of polyketo-
methylene intermediates. Although the starter substrate specific-
ity and polyketide chain extension are largely understood, the
cyclization step still remains elusive. Several structural and site-
directed mutagenesis studies suggested that the cyclization pro-
cess is defined by the architecture of the active site cavity; several
amino acid residues in the active site cavity were shown to affect
the cyclization specificity (1, 4—6).

Previously we characterized two type III PKSs, ArsB and
ArsC, responsible for phenolic lipids biosynthesis in a Gram-
negative nitrogen-fixing soil bacterium, Azotobacter vinelandii
(7, 8). Although ArsB and ArsC share 71% amino acid sequence
identity, ArsB and ArsC were shown to synthesize alkylresor-
cinols and alkylpyrones, respectively (Fig. 14), indicating that
they are enzymatically distinct type III PKSs. Both ArsB and
ArsC employ the same long-chain acyl starter substrate directly
received from the type I fatty acid synthase ArsAD and subse-
quently catalyze three successive extensions with malonyl-CoA
followed by the formation of the same tetraketide intermediate.
The different catalytic properties between ArsB and ArsC
depend on the cyclization specificity. ArsB catalyzes an intra-
molecular C2-to-C7 (numbering from the cysteine thioester)
aldol condensation accompanied by thioester cleavage and

2The abbreviations used are: PKS, polyketide synthase; LC-APCIMS, liquid
chromatography-atmospheric pressure chemical ionization mass spec-
trometry; r.m.s.d., root mean square deviation; ORAS, 2'-oxoalkylresorcylic
acid synthase; STS, stilbene synthase.
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FIGURE 1. Proposed mechanism for type Il PKS reactions. A, phenolic lipid
synthesis by two type Ill PKSs in A. vinelandii. Alkylpyrone formation via an
enzyme-bound linear intermediate is depicted, but alkylpyrone can also be
formed from the linear intermediate that is released from the enzyme. Two
pathways have been suggested for the synthesis of alkylresorcinol by ArsB. In
the “hydrolysis first” pathway, aldol cyclization occurs in parallel to decarbox-
ylation (7, 21). In contrast, during the “aldol condensation first” pathway, the
cyclization is followed by sequential B-keto decarboxylation and dehydration
or by coupled decarboxylation/dehydration (32). B, alkylresorcylic acid syn-
thesis by type Ill PKSs, including ORAS.

decarboxylative loss of the C1 carbon as CO, to yield alkylres-
orcinols (Fig. 1A4). In contrast, ArsC catalyzes intramolecular
C5 oxygen-to-C1 lactonization to yield tetraketide pyrones
(Fig. 1A). ArsC also uses the triketide intermediate to yield
triketide pyrones.

Given that highly homologous arsB and arsC genes are
placed adjacent to each other in the phenolic lipid biosynthetic
gene cluster, these genes may have descended from the same
ancestor. After duplication, they possibly gain different cata-
lytic properties with just a few amino acid substitutions. There-
fore, we assumed that these two Ars enzymes could be ideal
targets to obtain an insight into the structural and mechanistic
basis for functional diversity of type III PKSs. Here we report
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the elucidation of a key amino acid residue affecting the cycli-
zation specificity of ArsB and ArsC. Surprisingly, only a single
point mutation in both enzymes led to the swapping of their
main products without a significant loss of their enzymatic
activities. The crystal structures of the wild-type and G284W
mutant ArsC proteins show that this single amino acid substi-
tution drastically changes the architecture of the active site cav-
ity. Thus our analysis reveals how type III PKSs have evolved to
have different cyclization specificity.

EXPERIMENTAL PROCEDURES

Materials—Escherichia coli strains JM109, BL21 (DE3), and
B834 (DE3) were purchased from Takara Biochemicals (Ohtsu,
Japan). Malonyl-CoA and [2-'*C]malonyl-CoA used for the
enzyme assay were purchased from Sigma. Behenyl-CoA was
prepared as described previously (7).

Site-directed Mutagenesis—Expression plasmids pET16b-
ArsB and pET16b-ArsC (7) were used for site-directed mutagen-
esis. The following primers were used for site-directed mutagene-
sis with a Mutan-Super Express Km kit (Takara, Ohtsy, Japan):
ArsB W281G mutant, 5'-ATGACCGGGGTACCGGGCTCG-
CAC-3'; ArsC G284W mutant, 5'-ATGACCTGGGTACCGGG-
CTCGCAC-3'; ArsB W281L and ArsC G284L mutants, 5'-ATG-
ACCTTGGTACCGGGCTCGCAC-3'; ArsB W281A and ArsC
G284A mutants, 5'-ATGACCGCGGTACCGGGCTCGCAC-
3'; ArsB W281F and ArsC G284F mutants, 5'- ATGACCTTT-
GTGCCGGATTCGCAC-3'; ArsB W281I and ArsC G284I
mutants, 5'-ATGACCATTGTGCCGGATTCGCAC-3'. The
following primers and their complementary primers were used
for site-directed mutagenesis with a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA): ArsB W281Y mutant, 5'-
CGACGAGATGACCTACGTGCCGGGCTCGC-3'; ArsB
W281V mutant, 5'-CGACGAGATGACCGTGGTGCCGGGC-
TCGC-3'; ArsC G284Y mutant, 5'-CGACACCATGACCTACG-
TGCCGGGCTCGC-3'; ArsC G284V mutant, 5'-CGA-
CACCATGACCGTGGTGCCGGGCTCGC-3'. The mutations
were confirmed by determining the nucleotide sequences.

Expression and Purification of Recombinant Enzymes—E. coli
strain BL21 (DE3) harboring pET16b-ArsB or pET16b-ArsC
was grown at 26 °C overnight in 2 liters of Luria-Bertani broth
containing 50 pg/ml ampicillin. For the expression of sel-
enomethionine-substituted ArsC, E. coli strain B834 (DE3)
harboring pET16b-ArsC was grown at 26 °C overnight in M9
media supplemented with 50 mg/liter L.-selenomethionine. The
cells were collected by centrifugation and resuspended in buffer
containing 50 mm Tris-HCI (pH 7.8), 300 mm sodium chloride,
and 10% (v/v) glycerol. After sonication, cellular debris was
removed by centrifugation, and the supernatant was subjected to
nickel-nitrilotriacetic acid superflow resin (Qiagen, Chatsworth,
CA). His-tagged enzyme was eluted with a buffer containing
200 mM imidazole. After dialysis, the N-terminal His tag was
removed by the treatment with Factor Xa protease. Further
purification was performed by Resource Q anion exchange col-
umn (GE Healthcare). The purified enzyme was concentrated
to 10 mg/ml and stored in a solution containing 10 mm Tris-
HCI (pH 7.5), 150 mM sodium chloride, and 10% (v/v) glycerol.

Enzyme Assay—The standard reaction mixture contained
100 pMm extender substrate (malonyl-CoA or [2-'*C]malonyl-
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CoA), 100 um starter substrate (behenyl-CoA), 100 mm Tris-
HCI (pH 8.0), 150 mm sodium chloride, and 6.1 ug of purified
enzyme in a total volume of 100 ul. The reaction mixture was
incubated at 30 °C for 30 min before being quenched with the
addition of 20 ul of 6 M HCL. The products were extracted with
ethyl acetate, and the organic layer was then dried out by the
evaporator. The products were dissolved in 15 ul of methanol
and subjected to radio-thin layer chromatography (TLC) assay,
high performance liquid chromatography (HPLC), or liquid
chromatography-atmospheric pressure chemical ionization
mass spectrometry (LC-APCIMS) analysis. For the radio-TLC
assay, Silica gel 60WF,;, TLC plate (Merck, Darmstadt, Ger-
many) was developed in benzene/acetone/acetic acid (85:15:1),
and "*C-labeled products were detected by a BAS-MS imaging
plate (Fuji, Tokyo, Japan). LC-APCIMS analysis was carried out
using the esquire high capacity trap plus system (Bruker Dal-
tonics, Bremen, Germany) with a Pegasil-B C4 reversed-phase
column (4.6 X 250 mm) (Senshu Scientific, Tokyo, Japan) and
90% acetonitrile in water containing 0.1% acetic acid as an elu-
ent at a flow rate of 1 ml/min. HPLC analysis was performed
using the LaChrom Elite system (Hitachi, Tokyo, Japan) with
the same column, eluent, and flow rate as for the LC-APCIMS
analysis. UV spectra were detected using the Hitachi diode
array detector L-2450.

Determination of Kinetic Parameters—The reactions, con-
taining 100 uMm malonyl-CoA, 50 mm Tris-HCI (pH 8.0), 150
mM sodium chloride, and 10 pg/ml purified enzyme were per-
formed in a total volume of 900 ul. The concentration of behe-
nyl-CoA was varied between 0.5 and 5 uMm. After the preincu-
bation of the reaction mixture at 30 °C for 5 min, the reactions
were initiated by the addition of behenyl-CoA and continued
for 180 s. The reactions were quenched with the addition of 180
wul of 6 M HCI, and the materials in the mixture were extracted
with ethyl acetate. The organic layer was collected and then
evaporated. The residual material was dissolved in 20 ul of
methanol for HPLC analysis. 5-n-Heneicosylresorcinol, 4-hy-
droxy-6-(2'-oxotricosyl)-2-pyrone, and 6-heneicosyl-4-hydroxy-
2-pyrone were used to generate standard curves for the quantifi-
cation of products. Steady-state parameters were determined by
a Hanes-wolf plot.

Crystallization, Data Collection, and Structure Determination—
Crystals of wild-type ArsC, selenomethionine-labeled ArsC,
and the ArsC G284W mutant were grown from a 1:1 mixture of
a protein solution (7 mg/ml in 10 mm Tris-HCI (pH 7.5), 150
mMm sodium chloride, and 10% (v/v) glycerol) and a reservoir
solution (0.1 M imidazole-HCI (pH 7.5), 0.15 M calcium acetate,
and 12.5% polyethylene glycol 3350) using the hanging-drop
vapor-diffusion method at 20 °C. Before x-ray data collection,
the crystal was transferred into the reservoir solution supple-
mented with 20% (v/v) glycerol as a cryoprotectant and flash-
frozen in the liquid nitrogen stream. X-ray data were collected
using beamlines BL-5A and AR-N'W12A (Photon Factory, Tsu-
kuba, Japan). All diffraction data were indexed, integrated, and
scaled using the program HKL2000 (9). Selenomethionine-la-
beled protein crystals were used for the single-wavelength
anomalous dispersion phasing method. Selenium positions and
initial phases were calculated by the program autoSHARP (10).
After density modification, clearly interpretable electron den-
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sity maps were obtained. The program ARP/wARP (11) was
used for automatic initial protein model building and refine-
ment. The initial model of ArsC G284W was determined by the
molecular replacement method using the program MOLREP
(12) with the coordinates of the refined wild-type ArsC struc-
ture as a template. Coot (13) was used for visual inspection and
manual rebuilding of the model. Refmac (14) was used for
refinement. The figures were prepared using PyMOL (15). Each
active site volume was calculated using the program CASTp
(16). The geometries of the final ArsC structures were evalu-
ated using the program Rampage (17).

RESULTS

In Silico Analysis of Key Residues Affecting Cyclization Diver-
sity between ArsB and ArsC—For the identification of amino
acid residues contributing to cyclization diversity between
ArsB and ArsC, we first compared the amino acid sequences
between ArsB and ArsC on the basis of residues important for
functional diversity, as proposed by Austin and Noel (1). The
sequence alignment analysis revealed replacement of four
amino acid residues in the active site cavity. Ser-157, Leu-219,
Thr-235, and Trp-281 of ArsB were replaced with Ala-160,
Met-222, Ser-238, and Gly-284 in ArsC (Fig. 24). To narrow
down key residue candidates, we also aligned the sequences
with other type III PKS sequences. Besides ArsB and ArsC, sev-
eral microbial type III PKSs have been identified as alkylresor-
cylic acid synthases, alkylresorcinol synthases, and alkylpyrone
synthases. For example, Mycobacterium tuberculosis PKS18
and Bacillus subtilis BpsA were reported to produce alkylpy-
rone via lactonization (18, 19). In contrast, Actinoplanes mis-
souriensis AgqA was reported to produce both alkylresorcinol
and alkylresorcylic acid via decarboxylative aldol condensation
and aldol condensation, respectively (20). Neurospora crassa
ORAS (2"-oxoalkylresorcylic acid synthase), Streptomyces gri-
seus SrsA, and Myxococcus xanthus FtpA were also reported to
produce alkylresorcylic acid via aldol condensation (Fig. 1B) (6,
21-24). Trp-281 of ArsB is a conserved aromatic residue
among these alkylresorcinol- and/or alkylresorcylic acid-pro-
ducing type I1I PKSs although other residues, Ser-157, Leu-219,
and Thr-235, show no significant conservation. This Trp resi-
due is replaced by a smaller residue in alkylpyrone-produc-
ing enzymes such as PKS18 and ArsC. However, BpsA, which
was identified as a pyrone synthase according to in vitro and
heterologous expression studies (19), has a Trp residue in
this position just like alkylresorcinol- and/or alkylresorcylic
acid-producing enzymes. We assume that BpsA is a potential
alkylresorcinol- and/or alkylresorcylic acid-producing enzyme. In
fact, BpsA was also reported to produce alkylresorcinol, although
its main product is alkylpyrone (19). Recently, Rubin-Pitel et al. (6)
focused on this aromatic residue of ORAS and showed that the
substitution of the aromatic residue Phe by Gly in ORAS altered
product profiles from alkylresorcylic acids to alkylpyrones.
Therefore, we hypothesized that this residue diversifies cycliza-
tion specificity between aldol condensation and lactonization
in microbial type III PKSs.

Identification of Trp-281 of ArsB and Gly-284 of ArsC as Key
Residues for Their Cyclization Specificity—To prove this hypothe-
sis, we constructed ArsB W281G and ArsC G284W mutants and
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FIGURE 2. Identification of a key amino acid residue for the cyclization specificity of type Il PKSs. A, amino acid sequence comparison of two type Ill PKSs
from A. vinelandii. The amino acid residues consisting of the catalytic triad are shown in red. The residues responsible for cyclization specificity are shown in
blue. The secondary structural elements of ArsC, which are identical both in the wild-type and the G284W mutant enzymes, are indicated by bars above the
sequence. For the secondary structural element numbering of ArsC, we adopted the numbering system used for known type Il PKS family proteins, such as
ORAS. Therefore, helices a1 and a4 are missing in the ArsC structure. B, radio-TLC analysis of in vitro reaction products synthesized by the ArsB and ArsC proteins

(wild-type or mutant) from behenyl-CoA and [2-'*C]malonyl-CoA.

analyzed their reaction products. Radio-TLC analysis showed that
G284W substitution of ArsC resulted in the considerable reduc-
tion of alkylpyrone production and the concomitant increase of
alkylresorcinol production (Fig. 2B). Although alkylpyrones
appeared to be produced in a somewhat larger amount in the
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ArsC G284W reaction than in the ArsB reaction, the ArsC
G284W mutant showed a comparable k_, /K, value for alkyl-
resorcinol synthesis to that for alkylpyrone synthesis catalyzed
by wild-type ArsC (Table 1). This result showed that G284W

mutation altered the cyclization specificity of ArsC from lac-
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tonization to aldol condensation without a significant loss of
the polyketide chain elongation activity. In contrast, W281G
substitution of ArsB resulted in the complete loss of alkylresor-
cinol production and the simultaneous increase of alkylpyrone
production (Fig. 2B). We note that triketide pyrone was pro-
duced in a larger amount than tetraketide pyrone in the ArsB
W281G reaction, whereas triketide and tetraketide pyrones
were produced in a similar amount in the ArsC reaction. This
result is in agreement with the steady-state kinetic parameters
of ArsB W281G; the k_,/K,, value of triketide pyrone produc-
tion was 4.2 times higher than that of tetraketide pyrone pro-
duction (Table 1). Because the wild-type ArsB produced only
tetraketide resorcinol, W281G mutation affected not only
cyclization specificity but also chain elongation; ArsB W281G
had a stronger tendency to release the triketide before additional
chain elongation to generate the tetraketide compared with wild-
type ArsB and ArsC. Thus, the enzymatic properties of ArsB
W281G are different from those of ArsC. However, the result of
our “reciprocal” mutational analysis of ArsB and ArsC (which pro-
duced ArsB-W281G and ArsC-G284 W) clearly demonstrates that
Trp-281 of ArsB or Gly-284 of ArsC occupies a critical position for
cyclization of polyketomethylene intermediates.

Next, we substituted Trp-281 of ArsB and Gly-284 of ArsC to
other aromatic and aliphatic residues (Phe, Tyr, Val, Ile, Leu,
and Ala) to explore the effect of steric and aromatic properties
of the amino acid residue at this position (Fig. 3). The ArsB
W281F and W281Y mutants retained alkylresorcinol-produc-
ing activity and did not produce alkylpyrone. The ArsB W281L

TABLE 1
Kinetic analysis of ArsB, ArsC, and their mutants
Enzymes Ko K, k.o /K,, Products
X107 3571 M st

ArsB 66 = 21 6.2+ 1.8 11000 Resorcinol
ArsBW281G 69 *21 0.70 £0.26 11000 Triketide pyrone
ArsBW281G 21 *0.7 0.95=*043 2600 Tetraketide pyrone
ArsC 127 1.5+05 7600 Triketide pyrone
ArsC 14 =7 1.1+03 12000 Tetraketide pyrone
ArsCG284W 50+ 15 0.29*£0.12 27000 Resorcinol

mutant produced alkylpyrone as well as alkylresorcinol. Other
ArsB mutants such as W281V, W281I, and W281A severely
decreased alkylresorcinol-producing activity, and their major
products were alkylpyrone, as observed for the ArsB W281G
mutant. These results indicate that alkylresorcinol/alkylpyrone
production roughly depends on the size of the amino acid res-
idue at position 281 in ArsB. The presence of a bulky amino acid
residue seems to allow the generation of alkylresorcinol and
exclude the production of alkylpyrone in ArsB. In contrast, in the
case of ArsC, mutants other than G284W, in which Gly-284 was
substituted to Phe, Tyr, Val, Ile, Leu, and Ala, did not acquire the
alkylresorcinol-producing activity. Thus, some substitution pairs
such as ArsB W281Y and ArsC G284Y mutants did not share
product profiles. This inconsistency may be explained by the other
three amino acid variations in the active site cavities of ArsB and
ArsC, as described above (see “Discussion”).

Overall Structures of ArsC and ArsC G284W—We have
determined the crystal structure of the wild-type and G284W
mutant ArsC proteins at 1.76 and 1.99 A resolution, respec-
tively (Table 2). The overall structure of the ArsC G284W
mutant is almost identical to that of the wild-type enzyme (root
mean square deviation (r.m.s.d.) of Ca atoms between the A
chain of the wild-type protein and the A chain of the G284W
mutant is 0.21 A). Each of the ArsC structures has four dimers
per crystallographic asymmetric unit. The ArsC structure
adopts the conserved homodimeric afBaBa thiolase fold
observed in other crystal structures of type III PKSs (Fig. 44). A
search for structurally related proteins using the program Dali
(25) revealed that the closest protein is Dictyostelium discoi-
deum Steely, a hybrid enzyme composed of a type I fatty acid
synthase and a type III PKS (26) (Z score = 43.0, r.m.s.d. of 2.2
A, sequence identity of 21%). We note that ArsC also exhibits
structural similarity with PKS18 (18) (Z score = 41.8, r.m.s.d. of
2.3 A, sequence identity of 20%) and ORAS (6, 21) (Z score =
40.7, r.m.s.d. of 2.4 A, sequence identity of 17%). Thus ArsC is
structurally similar to other type III PKSs; however, the N-terminal
120-residue region of ArsC shows structural deviations. The
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FIGURE 3. Radio-TLC analysis of in vitro reaction products synthesized by ArsB (A) and ArsC (B) from behenyl-CoA and [2-'*C]malonyl-CoA.

VOLUME 288+NUMBER 47-NOVEMBER 22,2013



Cyclization Specificity of Type Ill Polyketide Synthases

TABLE 2
Data collection, phasing, and refinement statistics
ArsC
Datasets Wild type G284W mutant SeMet”
Data collection statistics

Beamline ) PF BL-5A PF AR-NW12A PF BL-5A
Wavelength (A) 1.00000 1.00000 0.97915
Space group P2, P2, P2,
Unit-cell parameters

a(A) 102.32 102.89 102.53

b (A) 143.39 142.76 143.55

c(A) 129.62 129.77 129.92

B (degree) 110.33 110.45 110.20
Resolution (A) 50.00-1.76 50.00-1.99 50.00-2.53
(outer shell) (1.82-1.76) (2.02-1.99) (2.62-2.53)
Unique reflections 345,492 (37,894) 244,208 (15,807) 115,095 (9,308)
Redundancy 3.8(2.7) 5.4 (4.8) 7.4 (7.2)
Completeness (%) 97.2 (80.3) 96.9 (61.6) 99.3 (96.8)
R erge 0.120 (0.546) 0.140 (0.821) 0.086 (0.114)
Mean (I/a(])) 21.3(2.2) 19.9 (1.9) 39.4 (22.5)

Refinement statistics

Ry, (%) 183 20.5
Ry (%) 23.0 27.3
No. of protein atoms 24,691 24,661
No. of waters 2,676 2,369
No. of sodium ions 8 8
r.am.s.d.

Bond lengths (A) 0.027 0.023

Bond angles (°) 2.110 1.872
Ramachandran plot

Favored region (%) 96.6 96.1

Allowed region (%) 3.3 3.5

Outer region (%) 0.1 0.4

“ ArsC selenomethionine (SeMet) derivative data were used only for initial phase determination.

unique structural element is the loop-insertion region (84-110)
between helix a3 and helix a5 (Fig. 4A4). This loop is a disordered
region in five of the eight molecules in the crystallographic asym-
metric unit, indicating that this region is flexible.

Structure of the Substrate-binding Site of ArsC—Previous
structural studies on plant type III PKSs, alfalfa chalcone syn-
thase (27) and daisy 2-pyrone synthase (4), revealed that several
residues of the helix a3 are involved in interactions with two
phosphates of CoA at the entrance of the CoA binding tunnel,
suggesting that helix a3 plays an important role in CoA sub-
strate binding. In microbial type III PKSs using acyl-CoA sub-
strates, helix a3 occupies a similar position (Fig. 5). Even Steely,
which accepts acyl-ACP substrates, has helix a3 at the equiva-
lent position (Fig. 5). However, in the ArsC structure, helix a3
shifts away from the CoA-binding site by >8 A (Fig. 5), result-
ing in the rearrangement of the CoA binding region. Although
ArsB and ArsC were shown to react with the acyl-CoA substrate in
vitro, they are supposed to interact with the ACP domain of ArsA
during substrate transfer in vivo (8). Given this unique catalytic
property, this conformational difference of helix «3 may enable
the formation of a unique ACP-binding site of ArsC.

Structure of the Acyl Binding Tunnel of ArsC—ArsC pos-
sesses a hydrophobic acyl binding tunnel flanked with an active
site cavity, as observed in the structures of microbial type III
PKSs (6, 18, 22, 28) (Figs. 4B and 6). In the structure of the ArsC
G284W mutant, a weak electron density that probably corre-
sponds to polyethylene glycol derived from the crystallization
buffer is observed in the acyl binding tunnel as reported in the
structures of Streptomyces coelicolor tetrahydroxynaphthalene
synthase (28) and the ORAS F252G mutant (6). The amino acid
residues that consist of the acyl binding tunnel are not con-
served in type III PKSs, and therefore, the architectures of the
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acyl binding tunnel are diverse. For example, the acyl binding
tunnel of PKS18 extends out to the surface of protein (18). In
the ORAS structure, the tunnel does not extend to solvent and
is inwardly directed into the protein (6). ArsC has a straight acyl
binding tunnel extending toward the surface of the protein, as
observed for PKS18. However, the unique flexible loop between
helix a3 and helix a5 forms the base of this acyl binding tunnel
(Fig. 6). The side chains of Phe-95 and Ile-97 in this flexible loop
block solvent access to the acyl binding tunnel. This flexible
loop may function as a lid during substrate binding.

Structural Basis for the Cyclization Specificity—The active
site cavity containing the catalytic triad Cys-186 —His-334—
Asn-367 is placed inside the ArsC molecule, similar to those of
other type III PKSs. Gly-284, the key residue for cyclization
specificity, is located at the center of the active site cavity in the
ArsC structure (Fig. 7A). The active site cavity extends beyond
the Gly-284 position and reaches to the dimeric interface. Ala-
160 of ArsC participates in the formation of the active site cav-
ity of the neighboring monomer. Plant type III PKSs have a
similar cross-subunit interaction. Met-137 of chalcone synthase
corresponding to Ala-160 of ArsC is highly conserved in plant type
III PKSs and makes cross-subunit interactions by protruding into
the second monomer and forming the base of the active site cavity
(27). Chalcone synthase also has a small residue, Gly-256, at the
equivalent position as Gly-284 of ArsC, enabling the opening of
the active site cavity to the dimeric interface.

In the structure of the ArsC G284W mutant, the bulky side
chain of the mutated residue protrudes toward the space of the
active site cavity and blocks the connection to the dimeric inter-
face (Fig. 7A). Thus, this substitution causes a significant reduc-
tion of cavity volume from 592 A® in wild-type ArsC to 293 A®
in the ArsC G284W mutant (Fig. 8, A and B). This change of
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FIGURE 4. Overall structure of ArsC. A, ribbon drawing diagram of the ArsC
dimer. Each monomer is shown in green and orange. Helix a3 and the flexible
insertional loop region are shown in yellow and gray, respectively. B, molecu-
lar surface of the ArsC dimer focusing on the inside of the enzyme. The CoA
binding tunnel, active site cavity, and acyl binding tunnel are indicated.

cavity volume does not affect the elongation reaction with mal-
onyl-CoA but strikingly affects the cyclization reaction. This
substitution also gives rise to the following three minor struc-
tural arrangements. First, the polypeptide backbone between
Trp-284 and Pro-286 moves 0.8 A toward the catalytic triad.
Second, the presence of the bulky side chain of Trp-284 causes
a conformational movement of Met-293 (Fig. 7B). The side
chain of Met-293 swings by 40° toward the acyl binding tunnel,
thereby narrowing the entrance of the acyl binding tunnel.
Third, the presence of the aromatic side chain affects the posi-
tioning of water molecules. In the structure of wild-type ArsC, a
water molecule network is present in the active site cavity, and
Ser-369 holds a water molecule with a hydrogen bond (Fig. 94).
Judging from the short distance (3.7 A) between this water mol-
ecule and the catalytic cysteine, this water molecule possibly

34152 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 5. Overlay of the structure of ArsC with structures of other type il
PKSs. ArsC, ORAS, PKS18, 2-pyrone synthase, and Steely are shown in yellow,
cyan, magenta, purple, and gray, respectively. The sticks model represents the
acetoacetyl-CoA in the complex structure of 2-pyrone synthase with aceto-
acetyl-CoA. Helix a3 of ArsC and other type Il PKSs are highlighted with
orange and black boxes, respectively.

polyethylene glycol

FIGURE 6. The molecular surface of the ArsC G284W mutant focusing on
the acyl binding tunnel. The flexible loop between helix a3 and helix a5 and
polyethylene glycol are shown in stick models.

plays an important role in catalysis. However, in the structure of
the ArsC G284W mutant, the water molecule network is dis-
rupted by the bulky side chain of Trp-284, and Ser-369 loses the
ability to retain the water molecule (Fig. 9B).

Although the overall sequence identity is relatively low
between the ArsC G284W mutant and ORAS (sequence iden-
tity, 17%) or between wild-type ArsC and PKS18 (sequence
identity, 20%), their cyclization manners are similar to each
other (7, 21). To find out whether alkylresorcinol synthases and
alkylpyrone synthases have a common structural property, we
compared the active site cavities of ArsC with other type III
PKSs. The structural comparison with ORAS revealed that
ORAS has a slightly larger cavity volume (392 A®) than the ArsC
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FIGURE 7. The active site cavity of ArsC. A, molecular surface of the active site cavity of ArsC. Residues of wild-type ArsC and the G284W mutant are shown in
cyan and green sticks, respectively. The active site cavities of wild-type ArsC and the G284W mutant are highlighted in cyan and green boxes. B, the superim-
posed structures of wild-type ArsC and the ArsC G284W mutant. The whole A chain atoms of the wild-type ArsC structure were superimposed onto those of the
ArsC G284W mutant structure. Residues of wild-type ArsC and the G284W mutant are shown in cyan and green sticks, respectively. C, the superimposed structures of
ArsC G284W and ORAS. Residues of the ArsC G284W mutant and ORAS (PDB code 3EUO) are shown in green and yellow sticks, respectively. D, the superimposed
structures of wild-type ArsC with PKS18. Residues of wild-type ArsC and PKS18 (PDB code 1TED) are shown in cyan and magenta sticks, respectively.

G284W mutant (293 A®). This may enable ORAS to catalyze an
additional fourth polyketide extension step for the synthesis of
pentaketide compounds. ORAS has an aromatic residue, Phe-
252, corresponding to Trp-284 in the ArsC G284W mutant
(Figs. 7C and 8, A and C). The position and orientation of Trp-
284 in the structure of the ArsC G284W mutant are well super-
imposed with those of Phe-252 in the structure of ORAS. In
ORAS, the F252G substitution does not rearrange adjacent res-
idues including Val-261 corresponding to Met-293 in ArsC.
ORAS lacks a cross-subunit effect for the formation of the active
site cavity because of the occlusion by the large aromatic residue
Phe-252, as observed in the ArsC G284W mutant. This aromatic
residue in microbial resorcinol-producing and resorcylic acid-pro-
ducing enzymes is likely to be important in providing a steric wall
for polyketomethylene intermediates to be folded into a suitable
form for cyclization via aldol condensation.

In contrast, active site cavities of pyrone-forming ArsC and
PKS18 do not share a common feature. PKS18 has a decreased
cavity volume (256 A%) compared with wild-type ArsC (592 A®).
PKS18 contains a larger residue, Leu-266, corresponding to
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Gly-284 in ArsC (Figs. 7D and 8, B and D). In addition, the
polypeptide backbone between Val-273 and Glu-276 in PKS18
corresponding to that between Phe-291 and Thr-294 in ArsC
moves 2.5 A toward the catalytic triad. These arrangements
contribute to the reduction of the cavity volume in PKS18. Most
type III PKSs were reported to produce pyrones as byproducts,
as a result of non-enzymatic, spontaneous lactonization of
polyketide intermediates (2). Substitution of Trp-281 by Gly,
Val, Ile, or Ala in ArsB probably leads to a derailment of aldol
condensation, allowing spontaneous lactonization for the syn-
thesis of alkylpyrone (see “Discussion”).

DISCUSSION

Crystal structures of many type III PKSs have been deter-
mined. As for microbial type III PKSs, structures of PKS18 and
ORAS were determined as a pyrone synthase and a resorcylic
acid synthase, respectively (6, 18, 22). However, no structure of
a microbial resorcinol synthase has been available. In this study
we succeeded in the determination of structures of wild-type
ArsC (pyrone synthase) and an ArsC G284W mutant (“artifi-
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between two carbonyl groups to form an enolate anion. In the
lactonization reaction, the resulting anion at the oxygen
directly attacks a carbonyl group. In the case of aldol conden-
sation, the active anion reacts with a carbonyl group via the
olefinic carbon to form a C-C bond. Our mutagenic and struc-
tural studies clearly showed that Trp-281 of ArsB and Gly-284
of ArsC should occupy a critical position for the cyclization
specificity of each enzyme. Trp-281 appears to be important in
providing a steric wall for the proper folding of the polyketo-
methylene intermediate to aldol condensation in ArsB. The exist-
ence of an aromatic group may restrict the conformation of the
growing polyketide chain and probably excludes spontaneous
lactonization by preventing the oxygen of enolate from getting
close enough to react with a carbonyl group. Thus, Trp-281 in
ArsB properly controls the number of condensation reactions
during the polyketide extension and the conformation of the
intermediates during the cyclization so that ArsB produces only
tetraketide alkylresorcinol. In contrast, ArsC, which has Gly-
284 at the equivalent position, produces triketide and tetra-
ketide alkylpyrones via lactonization. The large cavity of ArsC
may give flexibility to the polyketomethylene intermediate
chain, giving a derailment product. Therefore, ArsC cannot
exclude the formation of a triketide product by spontaneous
cyclization caused from the flexibility of the triketide interme-
diate, allowing the formation of both triketide and tetraketide
pyrones. Thus the condensation and cyclization steps seem not
to be strictly controlled in the ArsC reaction. We assume that
arsB and arsC genes may have descended from the same ances-
tor and that ArsB and ArsC probably acquired different cat-
alytic properties by amino acid substitutions. Replacement
of Gly by Trp (at position 281) in ArsB or replacement of Trp
by Gly (at position 284) in ArsC would be critical evolution-
ary events to generate a different specificity in cyclization
(aldol condensation or lactonization). It is difficult to pre-
dict, however, the original cyclization specificity of the
ancestral enzyme.

We showed that substitution of Trp-281 by Gly in ArsB
altered its cyclization specificity from aldol condensation to
lactonization to produce triketide and tetraketide pyrones,
which are common derailment products of PKSs. Several sim-
ilar results in which pyrone-producing activity was conferred
on type III PKSs by amino acid substitution have been previ-
ously reported (4, 6, 29, 30). To date, however, there has been no
report on the alteration of cyclization specificity of a type III
PKS from lactonization to aldol condensation. In this context,
there is only one report to confer a resorcinol-producing activ-
ity on a plant type III PKS; mutation of eight amino acid resi-
dues was required for altering the cyclization specificity of
alfalfa chalcone synthase from a chalcone-producing Claisen
condensation to a stilbene (resorcinol)-producing aldol con-
densation (5). In the present study we showed for the first time
that substitution of Gly-284 by Trp in ArsC altered its cycliza-
tion specificity from lactonization to aldol condensation. It
should be emphasized that only one amino acid residue is a
critical determinant of different cyclization specificity between
ArsB and ArsC.

As described above, our results clearly showed that Trp-281
of ArsB plays a critical role in aldol condensation. There are
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other microbial type III PKSs that catalyze aldol condensations
that also have aromatic residues such as Trp and Phe at the
corresponding position. Thus our results contribute to predic-
tion of cyclization specificity based on amino acid sequence of
microbial type III PKSs. However, our results also suggest that
differences in three other amino acid residues in the active site
cavity (Ser-157, Leu-219, and Thr-235 in ArsB and Ala-160,
Met-222, and Ser-238 in ArsC) caused several differences in
catalytic properties between recombinant (wild-type or
mutant) ArsB and ArsC enzymes that have the same amino acid
residue at the critical position (281 of ArsB and 284 of ArsC).
First, the enzymatic properties of ArsC G284W differed from
those of ArsB; ArsC G284W produced resorcinol as the major
product with a small, but significant amount of pyrone, whereas
ArsB produced resorcinol with trace amounts of pyrone. This
result suggests that ArsC G284W is somewhat inferior to ArsB
as a resorcinol synthase and indicates that the shape of the
active site cavity of ArsC G284W is less suited for aldol conden-
sation than that of ArsB. Second, the enzymatic properties of
ArsB W281G also differed from those of ArsC; ArsB W281G
produced ~4-fold greater amounts of triketide pyrone than tet-
raketide pyrone, whereas ArsC produced both triketide and
tetraketide pyrones in comparable amounts. This indicates that
the shape of the ArsB W281G active site cavity is not as ideally
suited to the three rounds of chain-elongation compared to the
active site of ArsC. Third, some of the substitution pairs
between ArsB and ArsC, such as ArsB W281Y and ArsC G284Y
mutants, did not share product profiles; ArsB W281Y and
W281F produced alkylresorcinol, but ArsC G284Y and G284F
produced alkylpyrone but not alkylresorcinol. In other words,
when the amino acid residue at position 281 is an aromatic
residue, the resorcinol synthase activity is retained in the alkyl-
resorcinol synthase ArsB. In contrast, in the case of substitution
of Gly-284 in the alkylpyrone synthase ArsC, only Trp, but not
Tyr or Phe, can confer the resorcinol synthase activity to ArsC.
This result also implies the entire shape of the active site cavity
of ArsC G284W is less suited for the aldol condensation than
the active site cavity of ArsB. All three results suggest that not
only is one amino acid residue (for example, Trp-281 of ArsB
and Gly-284 of ArsC) critical but also other amino acid res-
idues in the active site cavity are important and can affect the
enzymatic properties including cyclization specificity of
microbial type III PKSs. This notion should be considered in
the sequence-based prediction of cyclization specificity of
microbial type III PKSs. In fact, BpsA mainly produces
alkylpyrone, not alkylresorcinol, even though it has a Trp
residue at the critical position (19). This indicates the shape
of the active site cavity of BpsA is also not likely ideal for
aldol condensation.

As for the plant type III PKS, Austin et al. (5) determined the
structure of resorcinol-producing stilbene synthase (STS) and
proposed the reaction mechanism. STS is proposed to employ
an “aldol switch” mechanism with the thioesterase-like hydro-
gen bond network composed of Thr-132, Glu-192, and Ser-338,
allowing the activation of a water molecule for the hydrolysis of
the Cl-cysteine thioester bond. The resulting free carboxylic
acid intermediate is cyclized via aldol condensation and then
decarboxylated to form a resorcinol product. However, the
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structure of the ArsC G284W mutant suggests that ArsB does
not use such a reaction mechanism. ArsB contains Cys-155 at
the position corresponding to Thr-132 in STS. The presence of
this Cys residue hinders the formation of the hydrogen bond
network in the ArsC G284W mutant. ORAS also has Cys-120 at
the corresponding position (6). Moreover, in the ArsC G284W
mutant, no water molecule for the hydrolysis of the thioester
bond is present adjacent to Ser-369, which is equivalent to Ser-
338 in STS. Thus, the aldol switch network is not conserved in
microbial resorcinol- and resorcylic acid-producing type III
PKSs. Another difference is that STS does not have a steric wall,
as observed in ArsB. Trp-281 of ArsB is replaced by Gly in STS.
In other plant alkylresorcylic acid synthases, Oryza sativa
ARAS1 and ARAS?2 (31), this aromatic residue is replaced by
Met. Consequently, several amino acid variations and struc-
tural differences are observed between microbial and plant
aldol condensation-catalyzing type III PKSs, indicating that dif-
ferent reaction mechanisms are employed. In the reaction cat-
alyzed by plant type III PKSs, the aldol switch triggers the for-
mation of an acidic intermediate by cleavage of the thioester
bond of the Cys-bound linear intermediate. The acidic inter-
mediate is then cyclized via aldol condensation (5). This study
and that of the ORAS structure (6) indicate, however, that
microbial type III PKSs do not make use of the aldol switch
mechanism but instead provide a steric wall so that polyketo-
methylene intermediates may be folded into suitable forms for
cyclization via aldol condensation. Interestingly, Posehn et al.
(32) suggested that aldol cyclization catalyzed by ArsB occurs
before hydrolysis of the thioester bond. The identification of
amino acid residues directly responsible for aldol condensation
in ArsB and the elucidation of the molecular mechanism for the
reaction are our future challenges.

In conclusion, we showed that substitution of a single amino
acid resulted in the alteration of the cyclization specificity of
two Azotobacter type I11 PKSs, ArsB and ArsC; Trp-281 of ArsB
and Gly-284 of ArsC are crucial residues for the specificity of
cyclization. Structural analysis revealed that the volume of
the active site cavity was a crucial determinant of the cycli-
zation specificity of each enzyme. Thus this study provides a
vital element for predicting cyclization specificity of micro-
bial type III PKSs on the basis of their amino acid sequence.
It is noteworthy that we succeeded for the first time in alter-
ing the cyclization specificity of a type III PKS from lacton-
ization to aldol condensation by replacement of only a single
amino acid residue.
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